In this paper, we present a novel blind common phase error estimation method in coherent orthogonal frequency division multiplexing systems using projection histogramassisted processing. In the proposed algorithm, the constellation of the signal distorted by common phase noise is regarded as a tilted image, which can be rotated back to the right position by tilt adjustment. Considering the characteristics of the constellation, the tilt adjustment can be realized under the assistance of projection histogram. By simply counting and maximizing the number of the projection points fell into certain intervals, the tile angle can be obtained, which means that the common phase error is known. Compared with the conventional blind phase searching method, the proposed method shows similar performance and reduced complexity. Moreover, we optimized the algorithm by dividing the estimation process into two stages, in which case the complexity can be further reduced without introducing bit error ratio penalty.
Introduction
Benefiting from the high spectrum efficiency and high tolerance to linear impairments such as chromatic dispersion (CD) and polarization-mode dispersion (PMD), coherent optical orthogonal frequency division multiplexing (CO-OFDM) has been intensively investigated [1] , [2] . In addition, CO-OFDM features inherent elastic bandwidth allocation, which makes it a promising candidate for next generation flexible optical networks [3] . However, due to the long symbol duration characteristic, CO-OFDM is more sensitive to laser phase noise compared with the single carrier scheme [4] . The laser phase noise introduces both common phase error (CPE) and inter-carrier-interference (ICI), which degrades the performance of CO-OFDM system. Extensive studies have been reported to deal with the ICI [5] and CPE issue [6] . In this paper, we just focus on the compensation of CPE. Conventional common phase estimation algorithm can be classified into two categories, pilot-aided (PA) and blind phase searching (BPS) [7] . PA exhibits low complexity and high accuracy but at the cost of reduced spectral efficiency. BPS dose not occupy subcarriers, but the complexity is much higher. A CPE method based on image signal processing has been proposed. By searching the phase for obtaining the minimum bounding box (MBB), the phase error can be correctly estimated [8] , [9] . The proposed method mitigates the spectral expenses compared with the traditional PA method and decreases the complexity compared with BPS method.
We have proposed a projection histogram assisted common phase error estimation algorithm, which also origins from image processing method [10] . The phase error compensation process is treated as a tilt image adjustment issue. By simply counting and maximizing the number of constellation points near the projection center, the tile angle can be obtained thereby the phase error can be accurately estimated. The proposed algorithm shows comparable performance with BPS, while the complexity is lower. In this paper, the proposed algorithm is further optimized by introducing two-stage estimation scheme, in which case precise estimation can be realized using less test phases. The performance of the algorithm is also verified by analyzing the tolerance to laser linewidth.
Principle

Principle of PH Algorithm
In a CO-OFDM system, assuming that both frequency and timing are perfectly synchronized, after coherent detection and conventional demodulation processes at the receiver side, the received OFDM signal in time domain can be expressed as below [11] :
Where s i (k) is the transmitted signal in the i th symbol and kth subcarrier; h i (k) is the channel response for the kth subcarrier and n i (k) represents the additive white Gaussian noise. ϕ i (k) is the common phase noise of the i th symbol, which causes the common phase rotation on all subcarriers. Fig. 1 shows the constellation of a 16-QAM modulated OFDM symbol as example. With common phase error, the constellation points within one OFDM symbol will rotate at a same angle as Fig. 1(a) shows. As long as the phase error is accurately compensated, the constellation points will be aligned with the axis as in Fig. 1(b) . In order to estimate ϕ i (k), we consider the rotated constellation as a tilted image and introduced the projection histogram for analyzation. The basic idea is to regard the constellation points as the black pixels in the image, and then all constellation points are projected However, when the constellation is rotated by an angle, the projection points will become dispersed as depicted in Fig. 1 (c). In this case, by simply counting and maximizing the number of constellation points near the projection center, the phase compensation can be realized.
The specific process is as below. Firstly, similar to the BPS algorithm, we take M evenly spaced
, m ∈ {0, 1, . . . M − 1} as test phases and applied them to the received symbol r i (k). Then the symbol compensated by ϕ m is projected to the X/Y axis, corresponding to the real/imaginary part of the signal respectively. We then count the constellation points that appear near the four projection centers by equation (2), where s(ϕ m ) represents the sum of the constellation points near each projection center and 2i represents the length of the summing interval.
Among all the test phases, the ϕ m that maximized s(ϕ m ) corresponds to a fair rotated constellation and should be selected for common phase error compensation. Note that as the estimation is realized by using projection histogram, the proposed method is only applicable for rectangular QAM format but does not work for circular formats. Also, phase ambiguity is a critical issue as in other blind phase noise estimation algorithm, so we use a quasi-pilot to deal with this issue as in [8] , [9] . The pilot subcarrier is modulated only in the first quadrant of the constellation, so as to serve as the indicator of the quadrant. For 16-QAM modulation, this quadrant indicator occupies only the first two bits of the pilot subcarrier, and the other two bits can still be used to carry data. As coarse phase estimation is sufficient for quadrant labeling, only one pilot is used for all linewidth cases in the simulation. Therefore the overhead ratio is quite small. Figure. 2 shows the relationship between the length of summing interval and the BER of the compensated signal. In the evaluation, the region around a projection point, e.g., [0, 2], is equally divided into 20 intervals as inset shows. Then we vary the length of summing intervals (2i) during phase noise estimation and analyze the BER. It turns out that for both −26 dBm and −30 dBm receiving power cases, the BER remains stable within a wide value range, so the choice of summing interval is quite relax and does not require particular optimization for each symbol. Also note that the phase estimation process is performed symbol by symbol, so the latency of the algorithm is quite small. 
Two-Stage PH Algorithm
Two-stage estimation has been proposed in BPS method for complexity reduction [12] . By dividing the test phase estimation process into two stages, the phase error can be determined with less test phases, thereby reducing the complexity of the algorithm. Similarly, this idea can be applied to the proposed PH algorithm. ) as test phases for the 1st stage estimation and get a coarse estimated phase value ϕ 1 . Then we take M 2 evenly spaced test values ϕ m2 around ϕ 1 for precise estimation. The whole procedure is depicted in Fig. 3 , in which the left part framed by red lines is the 1st stage estimation, and the right part following is the 2nd stage process. By performing 2-stage estimation, M 1 × M 2 situations are evaluated by using only M 1 + M 2 test phases. The performance evaluation will be given in the following sections.
We have verified the performance of the proposed PH-algorithm in a CO-OFDM system in [10] , where the proposed method can effectively recover the signal from the distortion caused by common phase noise. In this paper, the performance of the algorithm is further verified. Figure 4 shows the performance comparison between 1-stage and 2-stage PH algorithm. 16 test phases are used for 1-stage case, and 8 + 8 test phases are used for 2-stage case. Fig. 4(a1-a3) shows the constellations of the data on all subcarriers within one symbol. It can be seen that before phase noise compensation, the constellations is rotated by an angle and the corresponding projection histogram is dispersed as Fig. 4 (b1) shows. After 1-and 2-stage PH, by maximizing the number of the projection points fell into certain intervals as in Fig. 4(b2-b3) , the constellation rotation is compensated as Fig. 4(a2-a3) shows. Fig. 4(c1-c3) are the constellations of all the symbols taking the 10 th subcarrier as an example, which is dispersed when common phase error exists, and recovered when phase noise estimation is employed. Compared with 1-stage case, the constellation points are more concentrated for the 2-stage estimation case, and the projection histogram is much sharper, too. In the following sections, the performance of the 2-stage algorithm is further verified. We will present the performance comparison between the 1-and of 2-stage algorithm in detail and analyze the linewidth tolerance of the proposed algorithm.
Performance Analysis
Performance Comparison of 1-and 2-Stage PH Algorithm
In order to fully verify the performance of the algorithm, we set up a CO-OFDM system using VPI, in which the laser linewidth can be flexibly changed. The simulation setup is depicted in Fig. 4 . Constellations of an OFDM symbol (a1-a3), the corresponding histograms (b1-b3), and the constellations of a subcarrier (c1-c3) before and after phase noise compensation. Fig. 5 . The DSP processing in both transmitter and receiver sides are also displayed. Firstly, the pseudo-random binary sequence (PRBS) is mapped into 16/32QAM format. After 128-point IFFT, cyclic prefix (CP) and training sequence (TS) is inserted to mitigate the inter-symbol interference (ISI) and inter-carrier interference (ICI) introduced by the devices and fiber transmission. The 1st subcarrier is deactivated to avoid the impairments caused by low-pass filters and AC coupling. The sampling rate is set at 12.5 GS/s, and the time duration of an OFDM symbol is 11.52 ns (12.5% CP). After digital to analog conversion (DAC) and IQ modulation, the signal is launched into 80-km standard single mode fiber (SSMF) for transmission. At the receiver side, the TS and CP at the beginning of OFDM symbol are removed. The next procedure is the 128-point FFT to realize OFDM demodulation. After TS enabled channel estimation and equalization, the phase noise compensation is performed. Finally, the recovered symbols are transmitted to the bit error ratio (BER) calculator, in which the received bits are compared with the transmitted PRBS pattern, and error bits are counted. As the laser in transceiver sides both works at 1550 nm, therefore no frequency offset estimation process is needed. Firstly, we set the linewidth of the lasers in both transmitter and receiver sides at 100 kHz, corresponding to an overall 200 kHz linewidth in the whole system. Then we use BPS and the proposed PH algorithm both operated in single stage case for estimation respectively. The BER curves are given in Fig. 6(g) , from which we can see that the PH algorithm has the same compensation performance compared with BPS method for both 16-QAM and 32-QAM modulation cases. The constellations of the 16-and 32-QAM modulated signal before and after compensation are also given in Fig. 6 . Then we performed the two-stage scheme following the process illustrated in Section 2.2. We use 8 test phases for 1-stage PH and 4 + 4 test phases for 2-stage case. The constellations of the compensated signal are shown as Fig. 7 (b) and (c). It's obvious that the constellation points concentrates better for the 2-stage PH case even though the same amount of test phases is used. Then we varied the number of test phases for 1-and 2-stage PH cases and evaluated the BER performance, the results are depicted in Fig. 8(a) . The same BER is achieved by using 16 test phases in 2-stage scheme and 30 test phases in 1-stage scheme. Therefore, 2-stage PH outperforms 1-stage scheme in terms of computing complexity. Then we evaluated the optimal number of test phases of 2-stage PH for different linewidth and optical signal to noise ratio (OSNR) cases. Three cases are considered, including 200-kHz linewidth, 30-dB OSNR; 200-kHz linewidth, 20-dB OSNR and 500-kHz linewidth, 30-dB OSNR case. The results show that the BER becomes almost stable when the number of test phases exceeds 12 for both 200 kHz and 500 kHz linewidth cases under 30-dB OSNR. For 20-dB OSNR case, the optimal number is 8. Therefore we set the number of test phases at 12 to evaluate the linewidth tolerance of the proposed algorithm. We vary the symbol duration linewidth product f·Ts by varying the laser linewidth while the OFDM symbol duration is kept constant at 11.52 ns. 12 test phases are used for 1-stage PH and 8 + 4 are used for 2-stage case. When the laser linewidth ranges from 100 kHz It can be seen that compared with BPS, the requirement for distance calculation in BPS is avoided for the PH algorithm, so the number of real multiplexers and adders are reduced and no decisions are required. Compared with the MBB method, the proposed 1-stage PH algorithm requires less real multiplexers and adders though more comparators. Moreover, by dividing the estimation process into two stages, similar estimation performance can be achieved using less test phases, then the requirement for multiplexers, adders and comparators can be further reduced by almost a half. Compared with the commonly used PA method, only one quasi-pilot is needed for assisting the PH algorithm while 7 pilots are required when using PA method, so the spectrum efficiency is improved by using the proposed algorithm. Actually, the combination of PA and PH can reduce the required number of pilots as well as the number of test phases, which provides a tradeoff between the computing complexity and spectrum efficiency.
